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Abstract

Background:

We used a mathematical model to estimate the contribution of urinary glucose excretion (UGE) to reported
changes in body weight (BW) following oral antihyperglycemic agent (AHA) therapy. This modeling approach
was used to gain novel insight into the mechanisms by which oral AHA affects BW.

Methods:

Twenty-four hour glucose profiles were used to predict UGE before and after treatment with oral AHA. Model-
predicted changes in BW due to reduced UGE were compared with reported changes in BW to quantify non-UGE-
dependent effects (fluid retention, food intake, and energy expenditure).

Results:

In type 2 diabetes patients [hemoglobin Alc (HbAlc) >7.3%], the energy lost to UGE is predicted to decrease an
average of 100 kcal/day for each 1% decrease in HbAlc. This effect, alone, is predicted to increase BW 14 kg
after 6 months. Differences from this value reported for changes in BW with oral AHA therapy (+1.4 kg
for pioglitazone and rosiglitazone; 0.4 kg for glyburide; -0.9 kg for sitagliptin and vildagliptin; 2.3 kg for
metformin) are therefore predicted to be due to additional, non-UGE-dependent mechanisms.

Conclusions:

Weight gain following thiazolidinedione therapy is predicted to result from both reduced UGE and non-UGE-
dependent mechanisms. Reduced UGE alone is predicted to account for most of the weight gain reported
following sulfonylurea therapy. Weight loss observed in response to metformin and weight maintenance
observed in response to dipeptidyl peptidase-4 inhibitors may result from an increase in satiety, energy
expenditure, or both.
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Introduction

The increase in body weight (BW) that accompanies
many treatments for type 2 diabetes (T2D) is an undesired
side effect that limits overall efficacy'? and can discourage
patient compliance. The relative contribution of food
intake, energy expenditure, and glycosuria to changes
in BW following treatment with oral antihyperglycemic
agents (AHAs) has been challenging to quantify. This is
due to the expense and logistical difficulty of measuring
the physiological contributors to BW in human subjects.
One approach to these challenges is to employ computer
modeling. An important advantage of this technique
is the ability to estimate the impact of glycosuria on
BW while controlling for fluid retention, food intake, or
energy expenditure.

We used a mathematical model of human metabolism
(the Metabolism PhysioLab® platform) to predict the
effects of oral AHAs on changes in BW as a consequence
of urinary glucose excretion (UGE). The Metabolism
PhysioLab platform was designed to predict the effect
of diabetes treatments on 24-hour plasma glucose and
hemoglobin Alc (HbAlc). Because the rate of UGE is
proportional to plasma glucose concentration in excess
of the renal glucose threshold,* it is possible to calculate
changes in UGE from reported changes in plasma glucose
with treatment. This allowed us to estimate the changes
in BW in response to oral AHA therapy that result from
reductions in glycosuria alone. By comparing predicted
UGE-dependent changes in BW with reported changes
in BW determined through a literature meta-analysis, it
is possible to estimate the non-UGE-dependent effects of
each therapy.

Research Design and Methods

Estimation of UGE

The amount of glucose filtered into the renal tubules is
dependent on both the glomerular filtration rate (GFR)
and the plasma glucose concentration. In the nephron,
glucose is reabsorbed from the glomerular filtrate such
that at plasma glucose concentrations less than ~180 mg/dl,
little glucose is excreted in the urine.*® However, in
individuals with T2D, plasma glucose concentrations
above 180 mg/dl can saturate reabsorption mechanisms
in the kidney, leading to significant UGE.

Urinary glucose excretion was calculated using the
kidney portion of the Metabolism PhysioLab platform;
this submodel calculates UGE as the difference between

the amount of glucose entering the proximal tubules
and the amount of glucose reabsorbed. Glucose filtered
into the proximal tubule is assumed to be proportional
to plasma glucose (Figure 1A). Glucose reabsorption was
assumed to be equal to the filtration rate for all glucose
concentrations below the renal threshold (180 mg/dl) and
to saturate at a maximum rate of 330 mg/min (Figure 1A).
The following parameter values were derived from the
following literature references: GFR of 125 ml/min/1.73 m,?*
threshold for glucose excretion of 180 mg/dl*> and
maximal rate of glucose reabsorption of 330 mg/min.”®
A quantitative comparison between model predictions
and experimental data® (Figure 1B) demonstrates that
predicted UGE rates are within one quartile of reported
median values.

Estimation of Oral AHA Effects on Plasma
Glucose and HbA1c

The Metabolism PhysioLab platform (Entelos, Foster City,
CA), a mathematical model of metabolic regulation, was
used to predict dynamic plasma glucose concentrations
and HbAIlc before and after administration of oral AHA
therapy. The platform is based on organ-level metabolic
processes that have been well quantified in the clinical
literature. Because these processes vary from person
to person, multiple “virtual patients” are created to
represent the ranges of individual characteristics reported
in the literature (e.g., the National Health and Nutrition
Examination Survey).’

A cohort of 137 virtual patients was created to represent a
broad range of individuals with T2D by modeling insulin
resistance in muscle, liver, and adipose tissue, as well as
a range of p-cell function impairment. Consequently, the
virtual patient cohort exhibits variability in response to
treatment comparable to that reported for subpopulations
of clinical patients. The virtual patients had fasting
plasma glucose values that varied from 120 to 247 mg/dl
(average: 173 mg/dl) and baseline HbAlc that varied
from 59 to 10.8% (average: 8.5%).

To wvalidate model predictions of plasma glucose
concentration before administration of oral AHA therapy,
the reported mean 24-hour plasma glucose profile for
T2D patients and the predicted average plasma glucose
profile of virtual patients with matching fasting plasma
glucose concentrations were compared (Figure 1C). The
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Figure 1. Comparison of simulation predictions and published data for plasma glucose concentrations, hemoglobin Alc (A1C) levels, and UGE.
(A) Simulations of normal renal function. At plasma glucose concentrations less than about 180 mg/dl, glucose reabsorption is predicted to be
essentially complete and no glucose is excreted in the urine. As the plasma glucose concentration increases, the rate of glucose reabsorption is
predicted to saturate, resulting in increased urine glucose excretion. (B) A comparison of predicted UGE (dashed line) and experimental data
(x symbols).> Thin bars show the range of data, thick bars show the two middle quartiles (25-50 and 50-75%), and x indicates the median values.
(C) Comparison of the average predicted plasma glucose profile (dashed line) of virtual patients matching those used in the study and reported mean
data (solid line) for type 2 diabetes patients + SEM.* (D) Predicted effects of chronic sitagliptin treatment (100 mg every day, 24 weeks) on HbAlc
levels (thick line without symbols) compared to reported clinical data (thin lines with symbols).*15203 Two different virtual patient cohorts were
selected to match the average baseline HbAlc for the patients enrolled in these clinical trials. (E) Published results of an oral glucose tolerance
test given before (solid lines) and after (dashed lines) sitagliptin therapy compared with simulation results. (F) Sitagliptin (100 mg every day, 24 weeks)
treatment was simulated in virtual patients and the predicted reductions in HbAlc (open circles) were plotted as a function of baseline HbAlc.
These results were compared with published sitagliptin trial data (filled circles). A linear regression line was fit to each data set by minimizing
the sum of squared differences between it and all the individual points for virtual patients (dashed line) and reported data (solid line).
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average values over 24 hours for the virtual patient
cohort are within 1 standard error of the mean (SEM) of
the experimental measurements at the same time points.

To validate model predictions of the effects of oral AHA
therapies on postprandial glucose and HbAlc, simulation
predictions were compared with published clinical data.
For example, the predicted effects of chronic sitagliptin
therapy (100 mg every day, 24 weeks) are within one
standard deviation (SD) of clinical data (Figures 1D
and 1E). In addition, the predicted relationship between
sitagliptin efficacy and disease severity, across a range of
baseline HbAlc values, is consistent with the relationship
identified by conducting a meta-analysis of the literature
(Figure 1F). Similar comparisons were conducted to
validate the model’s representations of rosiglitazone,
pioglitazone, glyburide, and metformin. As was the case
for sitagliptin, the predicted efficacy for each therapy
across a range of baseline HbAlc values is clinically
indistinguishable from published clinical trial data.

Meta-analysis of Oral AHA Therapies

A search of the PubMed database (www.ncbi.nlm.nih.gov)
was performed to identify all English-language articles
describing unique, randomized controlled T2D clinical
trials of sitagliptin, vildagliptin, metformin, glyburide,
pioglitazone, and rosiglitazone. Studies were included
if they were published between January 1999 and
October 2007, specified a study period of 4-6 months,
and included reported changes in HbAlc and BW. See
the online supplemental material on page 1240 for a list
of the studies analyzed for this article. The change in
HbAlc and BW from baseline for each trial was
determined and an arithmetic mean from all trials was
calculated for each therapy.

Results

Baseline UGE is predicted to increase by ~100 kcal per day
for every 1% increase in HbAlc above 7.25%. T2D patients
with an initial HbAlc of 7.25% or less are not predicted
to excrete measurable glucose in the urine. Clinical trials
corresponding to meta-analysis selection criteria were
simulated in the Metabolism PhysioLab platform to
determine the predicted effects of oral AHA therapies on
HbAlc, UGE, and BW. Representative compounds from
each of the four major classes of oral AHA were assessed:
sitagliptin  [dipeptidyl peptidase-4 (DPP-4) inhibitor],
pioglitazone and rosiglitazone (thiazolidinedione, TZD),
glyburide (sulfonylurea), and metformin (biguanide).
Approved doses of each compound were simulated.
Doses were titrated by increasing dose until the minimum

predicted daytime glucose concentration dropped
below 70 mg/dl, fasting plasma glucose dropped below
120 mg/dl, or 2-hour postprandial glucose dropped below
140 mg/dl. The final adjusted dose was maintained for
the remainder of the trial simulation. After 24 weeks
of simulated treatment, the predicted change in HbAlc
and UGE from baseline was determined for each virtual
patient (Figure 2). For every 1% reduction in predicted
HbAlc, UGE was predicted to decrease 75 kcal/day
for metformin, 85 kcal/day for glyburide, 91 kcal/day
for sitagliptin, 120 kcal/day for rosiglitazone, and
122 kcal/day for pioglitazone. On average across the
therapies evaluated, UGE is predicted to decrease by
~100 kcal per day for every 1% reduction in HbAlc. This
estimate is consistent with the measured changes in T2D
patients treated with metformin and insulin for 1 year.
Since the food intake and energy expenditure of each
virtual patient were kept fixed at pretreatment values
during the simulations, the reduced UGE increases BW.
To estimate the effect that caloric retention would have
on BW, we simulated a 24-week trial in which a positive
energy balance of 100-300 kcal/day was imposed,
corresponding to a 1-3% reduction in HbAlc. The
average increase in BW, due to changes in UGE alone,
was calculated to be 14 kg for every 1% reduction in
HbAlc. It varied from a low of 1 kg for metformin to a
maximum of 1.6 kg for pioglitazone and rosiglitazone.

We next compared the predicted UGE-dependent BW
changes derived from the model to observed changes
reported in the literature after initiation of oral AHA
therapy. The change in HbAlc and BW from baseline
was determined from the results of clinical trials and
an average value was calculated for each therapy. The
observed relationship between reductions in HbAlc and
BW is shown in Figure 3. Each therapy was effective in
reducing HbAlc, but the change in BW varied significantly
among therapies. Increases in BW were observed
following treatment with the sulfonylurea glyburide
(14, SD =1 kg) and the thiazolidinediones pioglitazone
and rosiglitazone (2.9, SD = 1.3 kg). Treatment with the
DPP-4 inhibitors sitagliptin and vildagliptin did not affect
BW (-0.2, SD = 0.5 kg), whereas metformin treatment
resulted in BW loss (-1.6, SD = 0.6 kg). Predicted changes
in BW based on reduced UGE alone (dashed line) for
each therapy are shown in Figure 3. Comparison of
this line with the treatment regression line (solid line)
allows a visual comparison of overall treatment effects on
BW with predicted changes due to reductions in UGE.

Although BW gain with TZD treatment appears to be
related to UGE (Figure 3B), other factors also contribute.

J Diabetes Sci Technol Vol 3, Issue 1, January 2009

71

www.journalofdst.org



Treatment with Sitagliptin or Metformin Does Not Increase Body Weight
Despite Predicted Reductions in Urinary Glucose Excretion

Waters

The average weight gain reported in most trials exceeds
the amount predicted from reductions in UGE alone.!"3
In contrast (Figure 3C), BW is not affected by treatment
with DPP-4 inhibitors#'¢ indicating that the positive
energy balance predicted to occur with reduced UGE is
offset by other factors affecting energy balance (e.g, food
intake, energy expenditure). This is also the case with
metformin treatment (Figure 3D), which is associated

with BW loss."” Because predicted BW gain due to UGE
varies from reported changes in BW for all therapies
except glyburide, the nonurinary glucose-dependent
effects on BW are predicted to differ across therapies.
The estimated effect of these factors on BW is equal to
the difference between predicted increases in BW due to
reduced glycosuria and the changes in BW observed in
clinical trials. In patients treated with pioglitazone and
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Figure 2. Predicted relationship between UGE and hemoglobin Alc (A1C). Treatment of T2D virtual patients for 24 weeks with sitagliptin (A),
pioglitazone (B), rosiglitazone (C), glyburide (D), and metformin (E) is predicted to reduce HbAlc and UGE. The equation for the line of best fit

and its correlation coefficient (R?) are shown.
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Figure 3. Comparison of the reported changes in BW with predictions of UGE-dependent increases in BW. The observed relationship between
changes in HbAlc and BW with marketed oral AHA therapies is shown (filled circles). The regression line of best fit for these data (solid line)
and its correlation coefficient (R?) are shown. Model-based predictions of weight gain resulting from reductions in UGE are indicated by the

dashed line.

rosiglitazone, the average increase in BW totaled 2.9
(SD 1.3 kg), reductions in UGE are predicted to
account for 1.5 (SD = 1 kg) of the total, and therefore 1.4
(SD = 14 kg) of the weight gain can be attributed to
non-UGE-dependent mechanisms. In patients treated
with glyburide, the observed increase in BW totaled 1.4
(SD = 1 kg), whereas changes in UGE are predicted to
increase BW by 1.8 (SD = 0.8 kg). The non-UGE-dependent
factors are predicted to be —0.4 (SD = 0.6 kg). In patients
treated with the DPP-4 inhibitors sitagliptin and
vildagliptin, there was no appreciable change in BW (-0.2,
SD = 0.5 kg), whereas changes in UGE are predicted to
increase BW by 0.8 (SD = 0.4 kg); therefore the non-UGE-
dependent factors are predicted to be -0.9 (SD = 0.4 kg).
In patients treated with metformin, a decrease in BW
is observed (1.6, SD = 0.6 kg), changes in UGE are
predicted to increase BW by 0.6 (SD = 0.6 kg), and
therefore the non-UGE-dependent factors are predicted
to be 2.3 (SD =1 kg).

Discussion

Results predict that the effects of DPP-4 inhibitors,
thiazolidinediones, sulfonylureas, and metformin on
UGE are similar, but predicted nonurinary glucose-
dependent effects vary dramatically. Treatment of T2D
patients with oral AHA improves glycemic control
and results in the retention of calories that were
excreted previously in the urine before therapy.® Our
model predictions suggest that this effect alone would
increase BW 1-1.6 kg for every 1% reduction in HbAlc.
Comparison of these predictions with a meta-analysis
of literature reports for these therapies indicates that
these therapies do not increase BW wuniformly. TZD
and sulfonylureas increase BW, metformin decreases
BW, and DPP-4 inhibitors are generally weight neutral.
This suggests that non-UGE-dependent effects on BW
(e.g, fluid retention, food intake, and energy expenditure)
differ dramatically among these therapies.
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Body weight is relatively unaffected by treatment
with the DPP-4 inhibitors sitagliptin or vildagliptin
(Figure 3).1°2° This suggests that the positive energy
balance as a consequence of reduced UGE is balanced
by reduced food intake or increased energy expenditure.
Literature suggests that both effects are possible.
Sitagliptin treatment results in an approximate twofold
increase in active glucagon-like peptide 1 (GLP1)
concentrations.?! Increases in GLP1 result in satiety,>*
which could mediate a decrease in food intake following
DPP-4 inhibitor treatment. Moreover, Pannacciulli and
colleagues® reported a positive correlation between
resting energy expenditure and fasting GLP1 concentration.?*
In the study by Pannacciulli and associates,* an increase
in total fasting GLP1 was associated with an increase in
resting energy expenditure of approximately 130 kcal/day.
A change of this magnitude is sufficient to compensate
for the predicted positive energy balance due to reduced
UGE. Thus the maintenance of BW after treatment with
DPP-4 inhibitors could be due to either a decrease in
food intake or an increase in resting energy expenditure.

In patients with moderate and severe diabetes (HbAlc >8%),
glyburide causes an increase in BW that is consistent
with that predicted for a reduction in UGE alone
(Figure 3).2>?° This suggests that the effect of glyburide
to increase BW can be attributed solely to the reduced
glycosuria that occurs with improvements in glycemic
control. The changes in UGE predicted in this study
(90 kcal/day) are consistent with values reported previously
for sulfonylurea therapy (105 kcal/day).”

Body weight has consistently been reported to increase
in response to thiazolidinedione therapy, and potential
contributing mechanisms have been reviewed.?® A
number of these mechanisms are independent of UGE
and can be subdivided into those with a direct effect
on BW and those with indirect effects that occur
through the partitioning of metabolite disposal away
from oxidation and toward storage. Examples of such
indirect mechanisms include increased differentiation
of adipocytes, inhibition of lipolysis, and stimulation of
lipogenesis. Examples of mechanisms with a direct effect
on weight gain include increased food intake, decreased
energy expenditure, and increased fluid retention. In
the meta-analysis conducted for this study, the average
increase in BW with thiazolidinedione therapy was
29 kg. Predicted reductions in glycosuria alone were
insufficient to account for the increase in BW observed,
with approximately half of the BW increase predicted to
be because of nonurinary glucose-dependent mechanisms.
Therefore, the effective use of thiazolidinediones to treat

diabetes may require imposition of a low-calorie diet to
ameliorate some of the mechanisms of weight gain.?

Treatment with metformin typically results in decreases
in BW.®3% This suggests that substantial nonurinary
glucose-dependent effects on energy balance must occur
to compensate for the predicted increases in BW due to
reduced glycosuria. Although treatment with metformin is
not reported to affect energy expenditure,® decreased
food intake is a well-known effect of metformin
therapy.!0

In this study, a meta-analysis of the literature was
combined with a model-based prediction of UGE to
predict the effects of several oral AHAs on changes in
BW due to reduced glycosuria. This approach allowed
us to evaluate the impact of physiological mechanisms
contributing to BW regulation that were not measured
directly in the meta-analysis studies. This modeling
approach was substantially more time and cost-effective
than a clinical trial and allowed control for the
individual variations in food intake and activity that
often confound the interpretation of clinical trial results.
A potential limitation of this modeling approach is the
possibility that important interactions and feedback loops
are not represented in the model and not all possible
patient phenotypes may be represented. In addition, we
calculated UGE as a function of plasma glucose, but do
not have direct literature support to verify or refute our
predicted UGE versus patient HbAlc. However, it should
be noted that the results predicted using virtual patients
are consistent with values reported in the literature for
24-hour glucose, postprandial glucose, and reduction in
HbAlc following treatment with sitagliptin for 24 weeks
(Figures 1C-1F).

In summary, we used predictions of UGE and a literature
meta-analysis to analyze the effects of oral AHA on
BW. Improvements in glycemic control reduce UGE
and predispose patients to appreciable increases in BW.
The reported BW gain in moderate to severe diabetes
following treatment with sulfonylureas is consistent
with that predicted for reduced UGE alone. BW gain
following thiazolidinedione therapy is likely due to
urinary glucose-dependent and nonurinary glucose-
dependent mechanisms, including increased fluid
retention, increased food intake, and/or reduced energy
expenditure. Results suggest that weight loss following
metformin treatment and weight maintenance following
therapy with DPP-4 inhibitors are due to increases in
satiety or energy expenditure that exceed the effect
of reduced glycosuria on BW. The lack of weight gain
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with these therapies may be helpful in the long term
and result in improved efficacy (increased BW decreases
insulin sensitivity) and patient compliance (therapies that
increase BW can be discouraging for T2D patients).
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Description of How a Virtual Patient Is Created

The plasma concentrations of metabolites and hormones of virtual patients are determined by the sum total of the
dynamic interactions and feedback loops between multiple tissues (pancreas, skeletal muscle, adipose, and liver).
The sensitivities of these tissues vary between virtual patients such that they have differing severities of glucose
impairments and responses to oral antihyperglycemic agents. In the creation of a virtual patient [either healthy or
type 2 diabetes (I2D) virtual patient], a large number of the effects of metabolites and hormones must be set.
Although the following table is not comprehensive, it lists the factors that have the greatest impact.

Insulin sensitivity and responsiveness in skeletal muscle Skeletal muscle lipolysis, free fatty acid esterification, free
fatty acid uptake, rate of fat oxidation, lipoprotein lipase
activity, amino acid uptake, glucose-6-phosphatase activity,
glycogen synthase activity, (GLUT4), and hexokinase

Effect of free fatty acids on the insulin sensitivity and GLUT4 and hexokinase
responsiveness in skeletal muscle

Insulin sensitivity and responsiveness in adipose tissue Adipocyte lipolysis, lipoprotein lipase activity, free fatty acid
esterification, adipose blood flow, and glucose uptake

Glucose effect on the sensitivity and responsiveness in Adipocyte lipolysis and esterification rates
adipose tissue

Insulin  and glucose effects on the sensitivity and Liver  glycogenolysis, glucose-6-phosphatase  activity,
responsiveness of hepatic processes glycogen synthase activity, ketone production, very
low-density lipoprotein  (VLDL) production, rate of
gluconeogenesis, glucokinase activity

Effects of glucose, glucagon-like peptide 1 (GLP1), and Insulin production and release from the 3 cell
glucose-dependent insulinotropic peptide (GIP) on the  cell

Effect of glucagon and epinephrine Hepatic glycogenolysis, hepatic gluconeogenesis, and the
rate of lipolysis in adipose tissue
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Description of How a Virtual Patient Is Validated

The first step in the validation of a virtual patient is to verify that nutrient pools have stabilized after a 60-day
simulation. The second step is to simulate a single day to verify that the values predicted for the virtual patients
(healthy or T2D) of the following variable are within the normal range reported for either healthy subjects or type 2
diabetes patients.

Fasting plasma glucose and 1 hour after breakfast

Fasting plasma insulin and 1 hour after breakfast

Fasting plasma lactate and 1 hour after breakfast

Fasting plasma free fatty acids and 1 hour after breakfast

Fasting plasma ketones and 1 hour after breakfast

Fasting plasma amino acids and 1 hour after breakfast

Fasting plasma triglyceride (TG) and 1 hour after breakfast

Fasting net hepatic glucose output and 1 hour after breakfast

Fasting muscle glucose uptake rate and 1 hour after breakfast

Fasting lipolysis rate and 1 hour after breakfast

Fasting insulin release rate and 1 hour after breakfast

Fasting liver TG and 1 hour after breakfast

Fasting intramuscular TG and 1 hour after breakfast

Fasting liver glycogen and 1 hour after breakfast

Fasting muscle glycogen and 1 hour after breakfast

Fasting glucose absorption rate and 1 hour after breakfast

Fasting VLDL-TG production rate and 1 hour after breakfast

Fasting plasma glucagon and 1 hour after breakfast

Fasting adipose esterification rate and 1 hour after breakfast

The third step in the validation process it to verify that the virtual patient responds appropriately to the simulation
of a 48-hour fast. Plasma glucose must be maintained appropriately by increased hepatic glucose output following a
counterregulatory response (decreased insulin, increased glucagon, and epinephrine), as well as increased utilization of
free fatty acids and ketone bodies. The last step in the virtual patient validation process involves the comparison
of predicted responses to a large number of challenges with observed data from human subjects and T2D patients.
These challenges include oral glucose tolerance test, meal tolerance test, intravenous glucose tolerance test, euglycemic
clamp, isoglycemic clamp, and infusion experiments with insulin, glucose, GLP1, or free fatty acids.
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Calibration of Sitagliptin in the Entelos Metabolism PhysioLab Platform

The pharmacokinetics (PK) properties of sitagliptin were represented with a simple first-order PK model,'* whereas
the direct inhibitory effects of sitagliptin on the activity of dipeptidyl peptidase-4 (DPP-4) were modeled with a
first-order Hill function.” Model parameters were calibrated using relevant clinical data for the outputs of interest
(Figures A1A and A1B).

The effects of DPP-4 inhibition on active levels of glucagon-like peptide 1 and glucose-dependent insulinotropic peptide
were predicted using a submodel of the Entelos Metabolism PhysioLab platform that represents the production of
incretin hormones. This submodel represents the effects of duodenal and ileal nutrients on GLP1 and GIP secretion,
as well as the inactivation and clearance of these hormones by DPP-4 and the kidneys, respectively. Equations in this
submodel were calibrated using relevant clinical literature, including results from intestinal nutrient infusion studies,
meal tolerance tests, oral glucose tolerance tests, intravenous incretin infusion tests, and tracer studies (www.glucagon.com).
Unique parameters for these equations were selected for each virtual patient to reproduce the range of GLP1 and GIP
levels reported in the literature (www.glucagon.com). To validate the predictions of the submodel, clinical trials that
reported the effects of sitagliptin on GLP1 and/or GIP dynamics.'>> were simulated. In general, the mean predicted
GLP1 and GIP levels were within 1 standard error of the mean (SEM) of the reported means (e.g., Figure A1C).

The effects of active GLP1 and GIP on insulin secretion were also predicted using a submodel of the Entelos
Metabolism PhysioLab platform. This submodel represents the effects of glucose, GLP1, and GIP on insulin secretion.
Glucose-induced insulin secretion is modeled with a simple sigmoid equation. Unique parameters for this equation are
selected for each virtual patient to represent the range of p-cell function reported in the literature (www.glucagon.com).
GLP1 and GIP effects on glucose-induced insulin secretion were based on relevant clinical data, including incretin
infusion studies, incretin injection studies, and incretin analog studies (www.glucagon.com). As described previously,
unique parameters values were selected for each virtual patient to reflect the range of GLP1- and GIP-induced insulin
secretion levels reported in the clinical literature (www.glucagon.com). To validate submodel predictions, clinical trials
that reported the effects of sitagliptin on insulin levels>® were simulated and compared to reported data. For example,
clinical trials have reported that plasma insulin levels are elevated (~25%) following a single dose of sitagliptin,®
but return to baseline levels as glucose levels decrease with chronic dosing.® Simulated insulin dynamics have been
calibrated to be consistent with these reports.

In a similar fashion, the effects of insulin on glucose dynamics were predicted using muscle and liver submodels of
the Entelos Metabolism PhysioLab platform, which represent effects of insulin on muscle glucose uptake and hepatic
glucose production that have been well characterized in the literature. Unique parameters are assigned to each virtual
patient to reproduce the reported range of insulin resistance in these tissues. To validate the predictions of these
submodels, clinical trials that report the effects of chronic sitagliptin therapy on glucose dynamics were simulated.
In general, the model predictions of sitagliptin effects on fasting glucose, postprandial glucose, and hemoglobin Alc
(HbAlc) dynamics fall within 1 SEM of reported data (Figures A1D, A1E, and A1F). Finally, the predicted relationship
between baseline HbAlc and change in HbAlc is consistent with the published literature (Figure A1G).
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Figure A1l. Calibration of sitagliptin. A comparison between simulation results and experimental data for (A) plasma sitagliptin concentrations
following a single 100-mg dose, (B) inhibition of DPP-4 following a single 100-mg dose of sitagliptin, (C) plasma active GLP-1 levels following 28
days of sitagliptin therapy, and (D-F) change in hemoglobin Alc (A1C) and fasting glucose postprandial glucose following 24 weeks of sitagliptin
therapy. Also, the predicted relationship between baseline HbAlc and change in HbAlc is consistent with literature data (G).
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Meta-analysis References

Therapy Reference A HbAl1c (%) ABody weight (kg)
DPP-4 inhibitors Nauck MA et al 2007 Diab Ob Metab 9:194-205 -0.84 -1.25
Rosenstock J et al 2006 Clin Therap 28:1556-1568 -0.88 0.3
Charbonnel B et al 2006 Diabetes Care 29:2638-2643 -0.7 -0.65
Aschner P et al 2006 Diabetes Care 29:2632-2637 -0.62 -0.2
Scott R et al 2007 Int J Clin Pract 61:171-180 -0.46 0.4
Raz | et al 2006 Diabetologia 49:2564-2571 -0.46 -0.6
Goldstein BJ et al 2007 Diabetes Care 30:1979-1987 -0.69 0
Pi-Sunyer FX et al 2007 Diab Res Clin Prac 76:132-138 -0.8 -0.4
Bosi E et al 2007 Diabetes Care 30:890-895 -0.9 0.2
Ahren B et al 2004 Diabetes Care 27:2874-2880 -0.6 -0.4
Ristic S et al 2005 Diab Ob Metab 7:692-698 -0.5 -0.07
Rosenstock J et al 2007 Diabetes Care 30:217-223 -1.1 -0.3
Rosenstock J et al 2007 Diab Ob Metab 9:175-185 -1.1 0.2
Schweizer A et al 2007 Diab Med 24:955-961 -1 0.3
Thiazolidinediones Smith SR et al 2004 Metab Clin Exp 54:24-32 -1.0 3.7
Lautamaki R et al 2005 Diabetes 54:2787-2794 -0.4 1.9
Kahn SE et al 2006 N Engl J Med 355:2427-2443 -0.6 14
Goldberg RB et al 2005 Diabetes Care 28:1547-1554 -0.6 1.6
Goldberg RB et al 2005 Diabetes Care 28:1547-1554 -0.7 2.0
Bajaj M et al 2004 Int J Ob 28:783-789 -1.2 3.1
Bajaj M et al 2003 Diabetes 52:1364-1370 -141 3.0
Stocker DJ et al 2007 Amer Heart J 153:445.e1-445.e6 -1.1 1.6
Pavo | et al 2003 J Clin Endocrinol Metab 88:1637-1645 -1.3 0.7
Miyazaki Y et al 2002 J Clin Endocrinol Metab 87:2785-2791 -1.4 3.0
Tan M et al 2005 Diabetes Care 28:544-550 -1.5 1.8
Gastaldelli A et al 2007 Am J Physiol Endocrinol Metab 292:E871-E883 -1.4 3.5
Miyazaki Y et al 2004 J Clin Endocrinol Metab 89:4312-4319 -1.7 3.6
Miyazaki Y et al 2001 Diabetes Care 24:710-719 -1.7 3.6
Raskin P et al 2001 Diabetes Care 24:1226-1232 -141 5.3
Phillips LS et al 2001 Diabetes Care 24:308-315 -1.5 3.3
St John Sutton M et al 2002 Diabetes Care 25:2058-2064 -1.41 5.0
Miyazaki Y et al 2002 Diabetes Care 25:517-523 -1.8 4.5
Metformin Viljanen APM et al 2005 J Clin Endocrinol Metab 90:6523-6528 -0.6 -1.8
Tiikkainen M et al 2004 Diabetes 53:2169-2176 -0.7 -2
Kahn SE et al 2006 N Engl J Med 355:2427-2443 -.76 -1.8
Pavo | et al 2003 J Clin Endocrinol Metab 88:1637-1645 -1.5 -2.4
Tessier D et al 1999 Metabolism 48:697-903 -1 -2.6
Garber AJ et al 2002 Diab Ob Metab 4:201-208 -1.03 -0.6
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Therapy Reference A HbA1c (%) ABody weight (kg)
Metformin Jones KL et al 2002 Diabetes Care 25:89-94 -1 -1.5
Stocker DJ et al 2007 Amer Heart J 153:445.e1-445.e6 -1.19 -2
Hallsten K et al 2002 Diabetes 51:3479-3485 -0.7 -2
Del Prato 2003 Acta Diabetol -1.02 -0.7
Glyburide Kahn SE et al 2006 N Engl J Med 355:2427-2443 -0.8 1
Garber AJ et al 2002 Diab Ob Metab 4:201-208 -1.24 1.7
Garber AJ et al 2003 J Clin Endocrinol Metab 88:3598-3604 -1.9 2
Sung BH et al 1999 Hypertension 34:83-88 -0.4 0
Barnett AH et al 2006 Diabetes Care 29:1818-1825 -2.05 2
Hanefeld M et al 2004 Diabetes Care 27:141-147 -1.1 1.9
Marbury T et al 1999 Diab Res Clin Pract 43:155-166 -0.9 2.9
Kitabchi AE et al 2000 Am J Med Sci 19:143-148 -0.7 1
Forst T et al 2003 Exp Clin Endocrinol Diabetes 111:97-103 -0.1 0.3
Garber AJ et al 2006 Diab Ob Metab 4:201-208 -1.5 3
Jain R et al 2006 Pharmacotherapy 26:1388-1395 -2.3 2
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